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INTRODUCTION 

In terms of structure, antibodies are probably now the 
most studied of all proteins. Amino acid and nucleotide 
sequence data are available for thousands of different 
chains (Rabat el a!., 1991) and three-dimensional struc- 
tures, obtained by X-ray crysiadographic analysis, arc 
available foi whole antibodies and for a variety of 
fragments. Very recently, all parts of an antibody mol- 
ecule have been visualized (Harris et at , 1 992;, including 
the hinge which, previously, either was only partly 
discernible in the electron-density map because of its 
< > • N uarl « j 1980) < i > i deleted fSarma 
,<>r <?/.., 1971; Sitverton et ah, 1971; Sarma and Laudin, 
1982; Rajan et al., 1983) in the intact antibodies analysed 
by X-ray diffraction. 

The antibody fragments whose structures have been 
elucidated ctystidlographicaliy include several human 
and murine V, d.mers ffipp 1974, 1975; Fehiham- 
mer h al, 1975; Coiman end., 1977; Furey et at., 1983; 
Steven;; et ol, 39*1; Steipc <v «/., S992), Fv from routine 
and human antibodies {Bha; a <,/., 1990; Fan <-/ a/., 
i' rt> nc j ! tumani t ' mu ms i , (btgenhrot et 

"»'-, 1993), several Bence-Jones light-chain dimers 
(Schiffer t-r «/., 1973, 3989; Ely et at., 19SS), Fc from 
human and rabbit SgG {Detscnhofer, 1981; Sutton and 
Phillips, 1983) and pFc' from guinea pig IgOr (Bryant « 
«/., 1985). The structure of the complex, of human SgG) 
Fc and fragment B of protein A from Staphylococcus 
wrens has also been determined (Detscnhofer, 193)). 

f>> tat tl 1 i tich ha beer the mo t studied 

is (he Fab, with the structures of several dtw.cn Fabs of 
hi! 'to. i , 1 

dated by X-ray diffraction, many with bound specific 
ligand. The ligands range in si?c from small haptens 'to 
macmomolecuies. The small ligands include p'hospho- 
choline (Padlan et al, 1973, 1985; Segal el at, 1974). a 
hydroxy derivative of vit. K, (Amael et al,, 5 974), a 

lildti I in >i l ' f [ ( ))) 

fit c in (HcfTOn e/ os !989) digoxin (Broenger 
WIKmdpi > Wilson et al 1991) t'hc 



Uganda include oligopeptides, (ike cyclosporin A 
(Altachub et al, 1992; Vix et at., 1993), angiotensin If 
(Garcia et al., 1992), a 19-amtno acid peptide homolog 
of a myohemerythrin helix .(Stanfic-ld e; al, 1990). a 
IS-residue long peptide derived from cholera toxin 
f.Shcbam et at., 1991) and a nonapaptide from miluenaa 
virus, hemagglutinin (Rini et al, 1992) tr«i f , 
other macromolecular antigens, like a in nucleotide of 
deoxythyn.idylic acid (Bcnon «/., 1991) ami a tri- 
saccharide epitope of a branched bacterial iipoooiv- 
stucb ride (C ygler o< 1 >9i) Fht ma. ro not,, dm 

• ds in lud< iyxovyme{Arait 1986; Sheriff et til, 
' < i i a 1989; 1 ischmann / n< 19! ' Less u 

a/., 1993), influenza virus neuraminidase (Coiman 
et at., 1987, 1989; Tulip et 0I, 1989, 1992a, *), HIV- 1 
reverse transcriptase (Arnold et til, 1992), and even 
another Fab in an idioiope-antt-tdtotope complex 
(Ueniicy et at,, 1990). In addition. X-ray structures are 
available for art Fab composed with streptococcal pro- 
tein G (Derrick and Wjgiey, 1992), for a chimeric Fab 
in which tbe variable domains were from a murine 
antibody and the constant domains cere from human 

"un.t tB < / I G d n r >y , 1 
a "humanized" murine Fab (Eigenbrot et at, 199.3). 

The availability, in sortie cases, of bosh complied and 
uncompicxed structures, for the same antibtxly permits 
the evaluation of the possibility of conformational 
changes occurring upon Kgand binding. Previously, with 
phocbolii and vil KjOH, no eonforniational 
change:, in the Fabs W ctc observed when these, small 
Si nds were bound in the crystal ('Padtan et a, I 1 '* 
19S5; Segal et al, 1974; Amacl et at , 1974). More recent 
' ' ' 1 larger liga ist sig bun 

can occur upon complexation (Bhai el ol, 1990; 
vSlanfield et al, 1990; Herron tt at. 1991; WiJson io c/ 
1991; Rim e.' at., 3992). 

Starting soon after crystafJograpbic data became 
i ible, various aspects of ami body structure and 
function have beers the subject of analysis, including the 
distribution of the d,d< sent ,v tmo acid ^ <r> m r- o »> 
10 iigand-bindsng spectficiiy (e.g. Rabat et at., 1977; 



EXHIBIT 4 



Tabic i. immvinogiobulii 



which have been dcwrroiswl by X-ray crystallography 



Antibody feoiypc FwgmcoJ DB Resolution R-value Ligand 



Dob 




1 whofc ig 




A.O 




Ko! 






n 


















', ' 






VFAli 


■> 0 
















Kot 


, , Q j ^ , 


Fab 








Mi'i 


(,' ■ 1 > 


Fab 


<}■- v 1 


, ^ 




3D* 




Fab 




27 
* 




POT 


« ■' 


Fv 


1 1 '.'-' m 




O „(,<! 




(li;Gl) 


Fc 


!FC! 


2.9 


(1.22 




OgGI) 


Fc 


1FC2 


18 


0.24 


Meg 


«> 


L-dimcr 


2MCG 


2.0 


0.187 








3MCG 


2.0 


0.20R 


LOC 




L-dirocr 




3.0 


0.194 






1,-dimer 


2BJL 


2.8 


0.216 


Meg-Weir 


a) 


L-dlmer 


i MCW 


3.J 


0.170 


RE1 


c*o 


V,- t 1i;iR-; 


1RS1 


2.0 


0.24 


Au 


oo 






2.5 


0.31 


Rht; 


a> 


V, -dimct 


2RHE 


5.6 


0.149 


HOY 


ix) 


V^tiimci 




3.0 


im 














('•ff:jra:nib.e4" wttnwr 










4D5 




Fv 


1 FVC 


2.2 


o.m 






Fab 


SFVD 




00 79 






Fab 


1 PVf< 


2.7 


o.m 




ttmaa chimera) 












Fafc 


IB B.I 


3. J 


0.176 


(Murine) 












Msb23! 


(IgG2a) 


whole >;> 




3.S 


0.1 


McPC60J 


(f£A,x) 


Fab 


! MCP 


2.7 


0.225 






Fab 




3.1 


0.J96 


J539 


<SgA,*) 


Fab 


2FBJ 


1,95 


0.194 


Di.3 


OgGU) 


Fab 


JFDL 


2.S 


0.1 






Fab 




2.6 


0.2? 


NC4 ! 




i fab 


! NCA 


2,5 


0.19! 






Fab 


!NCC 


2.5 


0.212 






Fab 


i NOB 


2.5 


0.165 






Fab 


1MCD 


2.9 


0.157 


HyHEL-5 




Fab 


2HF) 


2M 




HF.D10 




F«i> 




3.0 


0.272 


CF4C4 




Fab 




4.0 


0.470 


iei42 




Fab 




3.5 


<U82 


NClO 




Fab 




3.0 


0.20 


.HyBHi.-iO 


- S;>< i k 


Fab 


3HFM 




0.246 






















2.8 


0.182 












0.189 


ess 




Fab 




2.5 


0.179 


S1312 


itf ■ • :• 




2)GF 


2,8 


0.22 






Fab 


UGF 


2.8 


O.iS 


M,\bBt 




Fab 




3.0 


0.25 


BV04-01 


(!g.G2!j:, N ) 


Pah 






0.191 










2.0 


0.246 



pbosphodioiine 
lvsc.;yn>e 



I368R mutant 
neuraminidase 
N329D rottlant 
influenzii vitas 
neuraminidase 
lywuyme 



Ol 3 Fab 

myobcmcfytbrii) 

peplide 



S«!w» and Lawiin (!9S2) 
Marfan f.' «/. {19805 

Saul and Poljak (tW! 
Awe! « at {Vm} 
Mmmn w «/. <}»! 



Fa S i « a/, (1992) 
Deisenhofcr (198.!) 
Dciscnliofcr (1981) 

Ely ei ai. (1989) 
Eiy « <•;/, fl<JS9) 
Ctisr.g f, ;:/. (1985) 
SchiiTtf (19S9) 
Ely (198S) 
Bpp el a/. (J 975) 

FiAfi /, (9; 



iagento-fst a! (ti. \ iV?>) 

Figtnbrot »'f rt.'. { 1993) 



H.vr.s <«'. ;l9fi2; 
Saiow « ,vi ()986) 



Fiscamami f , (|99(J 
Bemley ft «/, (1989) 
Twlip ft «/. (1592a) 

Tulip ef o,'. (!992b) 

Tulip <?/ o/. (!992b) 

Tufip « «.'. (1992a) 

Sheriffs; «7. (1987) 
Cyeter <> f «/. (I9S7) 
Vii„ii 

Prasad « «/. (1988) 
Tulip ^ (1989) 

Padlati ei i,L ()9S9; 
Hcfrcn « «/. (1989) 
Uscombc <?/ w. 099?:) 
Ls-tsombc i?/ a/. (199 2) 
«e«lky f , (!?. (1990) 
Sl»nftel<! ff {[ W0) 

Stttnfietd ef ai. (!990) 
Garcia at. (1991) 
Mt-i-ron (■•? «/. (159i) 
ficrroii ft al. (199;) 



Anatomy of the antibody mo'eetde 



36-7 f <fgGi,«} 

AN02 (IgGU) 



NQ10/I2.5 (IgGU) Fab 



BiJA'J 
HC19 
DBS 



8.248 Strong «/«/.« !»t) 

0,195 DNP-spin-labcl Bruengcr «f a?. (195 
hapten 

0-1*2 Atosri « «/. (1990) 

0-19 i-phenyi-oxiszoionc Aijsri « (1990) 

0.386 dseJeia toxin Shohiir 



0.1S5 



iodobewtoyf 
progesterone 
t Ja-hcmrsuecin 
progesterone 
f.yciospcrii) A 
HiV-l reverse 
transcriptase 
and DNA 



Bruengcr (199!) 
B . ; er(i99l) 
WjJ.scrj <■;/. m<j\) 
Hixebard «, til. (1991) 
Wilson ct at (mi) 
Wilson e< at. fi99i) 
Wilson ^ a/. (!99J) 



W;9 m 



19!) 



Allsehuh i'i <rj. (1992} 
Arnold « <rf. (1992} 



(IgG2b,»0 Fab 
(Ig028,(cJ Fab 



(Rabbit) 
(GaJmia pig) 



0«G) 



IMAM 






protein G 


Derrick and Wi$iey (1992) 


Z5 


0.315 




1HIN 


3.1 


0.22 


hsnsagglutmm 


Rini « a/. {)992> 








peptide 




mm 


2.9 


0.20 


hemagglutinin 


Rittf et at, (!992) 








peptide 




mit 


2.0 


0.19 




Rtiti <?/ til, (1992) 


1BBD 


2.8 


0.190 




Tormo a/. \i9n ; 




4.0 


0.409 


fa-fowl , i < .meUscar ei tit. (1WJ) 




2.4 


0.19 


iysojyrne 


mm et a!, (mo; 




t.9 


0)9 




1IMM 


2.00 


0.149 




Sfcipc ei a;'. (19921 


HMN 


1.97 


0.149 




Steipc tf( «/. (1992) 




2.7 






Sutton and Phillips, (1983) 


1PFC 


5.125 


0.303 




Bryant « «/. ft 985) 



H Idt r i i J i and Kcrron > be published), J in Ka < ■ 
♦Saul a»d Ptsijak (to be published), cited in PDS Entry: 8FAB. 
"Padten, Cohen and Davies (in preparation). 
''Bhai. Padtan and Davics (in preparation). 

"Mol, Mnfr, i.ec awl Anderson (unpublished), cited in Rabat er a/. (1991 

-'Muir, Cy« cr. Mo Loe atid ">n i »ted m > 

'Rosa, Pr/ybyls!ca, To, Kayden, Oorrien, Vorbere, Young and Bundle (ic 



be published), sited in PD8 Entry: IMAM 



Padlaji, !990«; Mian et «/., J 991), iaterdomam inter- 

(eg PoS.iak . 1975a 6 1976; Da vies ei «/ 
1975a, *; Aroze! md Poijak, 1970; Da vies and Mcugcr, 
i983; Novotey « 1983; Novotity and Haber, 1985; 

■ . dan w «/., 1986; Schiffer et at,, 
f B V! lcr ! '9'!) flexibility (eg Edmundsoo « 
5974, 1978, 5987; Burton, 1985, 3990a, 6; Huber and 
Bennett, 1987; Lesk and Chothia, 1 988; Ely et at, 1989; 
Rmi i-( «.'., 1992; Davios and Pad fan, 1992), hypcrvari- 
abie region structures (e.g. Padlan and Davies, 1975; 
Potter h a!., 1976; Padlan. J9?7o; Dc !a Pax <»t oJ„ 1986; 



Chothia aad Lesk, J9is7; Cbotbia e; J9H9, 1992; 
Tramoniano et tti, J990; Wu et a!., 1993), disulfide 
bridges (e.g. Steiner, 1985), and antthody-ligand inter- 
!> <t >76; Huber * i . 

1987; AJzari et at., 1988; Coiman, 198S; Dav.cs 
et «/., i9SS ; 1990; Wilson ff / 199!: Davics o„d 
Chacko, 1993). In addition to X-ray crystallography, 
other techniques have been used to «udy antibody 
staievure, including two-dimensional NMR (e.g. 
Angb'ster, 1990; Thwiauil e; at., 1991), genetic t-ngin- 
ctsring (e.g, Morrison f f at., 1984; Morrison and Oi, 



E, A. Paul am 



1985, Bird e , </; , l98h; Huston ei a/., 1 9RH. Winter, 1989: 
Tan ,. f 1990; flelm «•/ ai.. 1991; Cdockshtsbcr sf «/.. 
1992; fsu m m F;sC> tno thememai riHv u t 
Nocouyv m «/., 1989, Novotny and Sharp, (092). 

Here. we. will analyse the currently available three-di- 
mensional dais o« antibodies which have been obtained 
by crystallography analysis, focusing or those structural 
features which relate to antibody function and potential 
applications. The crystallograpbicully-determmcd struc- 
lures, which are known to the author, are listed in 
Table |. The present analysis is limited to those struc- 
tures for which atomic coordinate:-; an: available at the 
lima of writing from the Protein Data Bank (PDB) 
(Bernstein *7 «/., 1977; Aboia et at., 1987), or have been 
kindly made available by the original investigators. 

The studies on antibody structure arc too many to 
enumerate and only a limited number of references could 
masonabiy be c.tcd. Is is hoped that the citations given 
can serve as starling points for those who are interested 
in particular aspects of antibody structure. .Several com- 
prehensive reviews have been written recently on the 
subject (e.g. Marimsza el ai, it 987; Ateiri et ai.. 1988; 
Cofrnan, 1988: Da vies et ai, 1988, 1990; Wilson et ai, 
1993; Dttv.es and Cbacko, 1993) and the reader is 
encouraged to consult those also. 



i Table I have been 
A or better) and 



: Fabs 



cd to 



r bet is 



.mm; 



smtcsure is J 539 Fab, which has beets determined to 
; .95- A resolution and refined to an R value of 0.194 
(PDB Entry': 2FBJ}; for 3530 Fab, the error in the atomic 
coordinates, estimated by the method of Lu;?zati (1953). 
i, t! 25 A (Bhat, Padlan and Da vies, unpui it bed t •• > tsi 
An example of a sir u . r< rtmticd it m rfi i sol- 
ution is HyHEL-5 Fab, which has been determined to 
2. 54- A rescind >n and refined to an R- value of 0.245 
(Sheriff et ai., 1987); the estimated error for HyHEL-5 
Fab is 040 A. These error estimates arc for the most 
ordered (usually, interior) regions of the molecule; the 
errors will be larger for exposed segments, especially lor 



For 



hat have bee 
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tmld be prudent to look J 



THE STRUCTURE OP ANTIBODJKS 

An antibody molecule is composed of three major 
fragments: the two Fabs, which are identical and each 
of which contains the light chain and the first two 
dommns of the heavy chain, and the Fc, which contains 
the C-terminal constant domains of the two heavy 



; by the 
iXibibiy i 



' i ni antibot , classes i ml sotypes Th ttntigct 
binding sites (paiatopcs) are loomed a; the hps of the 
Fabs. A representation of human 3 §G1 antibody ss 
shown in Fig, I . 

From the earliest studies of antibody structure 
(Pohak e; ai, 1975, 1974; Sehdfer et a/.. 1973; Kpp « at., 
1974; Segal <?/ at., 1974), ii was clear that al! antibody 
domains, whether variable or constant, form compact 
globular structures with a characteristic fold, termed 
the Immmogtobuiin Fold by Poljak et al. (1973), 
Bach domain consists of a stable arrangement of hydro- 
gen-bonded, ami-parallel j{ -strands which form a 
bifayer structure, further stabilised by a disulfide bond 
between the two layers, in the variable domains, 
the biiavcr structure is formed by nine strands, in the 
constant domains, the hilayer is formed by seven 
strands. Bends of different sixes and confor- 
mations connect the strands. The predominant sec- 
ondary structure in antibodies is l he anti-parallel /?- 
sheet, with short stretchers of at -belts found in some, 
bends. 

The variable domains of she light and heavy chains, 
the V t and V H , are. similar to each other tn three-dimen- 
sional structure, as are the constant domains: the C,. of 
the light chain and the C„ 1 of the heavy chain in the 
Fab, and the C„ 2 and the C„ 3 domains in Fey. Homolo- 
gous domains from inherent species arc very similot and 
ar= essentially supcrposablc Seven in the variable do- 
mains, whom as much as 30% of the residues could be 
different among different nmibodtcs. the diherences i : . 
structure arc almost entirely confined lo the hypervttri- 
able regions (Wo and Kabai. 1970), and usually only if 
length differences exist in those reasons (Pad fan and 
Davies, 1975). 

Thi aval ab h;y of th < c iu t rr a var- 

iety of fragments from different antibody classes and 
iso types and irons different species, helps in the identifi- 
cation of structurally important features and of 
analogous structural elements. Ah attempt to align 
representative sequences from the various human anti- 
body chain types on the basis of structure is made in 
Table 2. For purposes of this review, the C-termmus of 



c Fd, t 



c heav 



iliiui 



robei 



(Edelman c: al , i9t>9>] m hitman igGl. or the analogous 
residue m the other heavy chain classes, the disulfide 
bndge, which Cys220 forms with the Cys at 214 in the 
light chatts, creates a natural (structural) boundary for 
the Fab. Accordingly, the bmee is defined as siartiw 
wad, the 5-p ir, human 1 ( -1 or anakumm . . at m 



fn the 



c (FD8 En 



IFC 



and !FC2), die first visible residue, which ts probably tire 
hmt residue in the compact portion of the Fc, is Pro23&. 
Agam, for purposes of this review only, we will define the 
Fc as starling with the Pro 238 in human igGK or 
analogous residue in the other heavy chain classes, and 
define the end of the himte as the residue preceding 
Pro238. 
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Pig, !. Line drawing representation 
wir! resile of she crystrd structures of 
which is visible uniy to the lnter-bca' 
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numbering). The ociapoptkfe, PAPELLGG, be 



fuctttre Cor 
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" f§G3. The drtiwhu* is s 
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in probable location is indicate*! by I he unconnected circles in the middle of the figure. Only the 
«<srbons are traced. The heavy chains are drawn with shkk Sines, the light chains with thin lines, 
Hie dor v i bid in (V, fit,) i tt of the heavy chain (V„. C„ 1. C„2 and , 

ere labeled. Also indicated is the hinge, th* regten thai lies between the Tabs and the Fe end which 
-silllji JcriiW ii emthcdbl ia fj t t] C»I< raidot ire drawn with large 
open circles at the lips of the Fabs. The disulfide bridge art indicated by idled circles The 
carbohydrate moieties attached to the asparagus at position 29? (Eu numbering) are drawn w.ih 
thin lines between the two C,,2 domains. 



'i'A<? stmcfure of Fabs 

The Fab structures which arc examined here arc those 
of the murine J539 (PDB Entry: 2FBJ), McPCfSCB with 
and without bound pho»phochoEinc (PDB Entry; IMCP 
and unpublished results of Padlan, Cohen and Davjes). 
HyBFL-H) (PDB Entry: 3HPM), HvHEi.,5 (PDB he- 
try: 2HFL), fit 9.9 (PDB Entry: 2FH>), 4-4-20 (PDB 
PbUty: 4 FAB), BV04-O1 wish and without bound d(pT). ; 
(atomic coordinates kindiy made available L>y Or Aflen 
B. Edmuudson and coworkers), 36-?! (PDB Entry; 



6FAB), 8 1 312 with and without bound peptide (PDB 
Entries: 2IGF and UOF, respectively), Di.3 (PDB En- 
try: I FDL), V'st9-i (PDB Kntry; IMAM), AN02 (PDB 
Hntry ! BAF), 17/9 with Jigand in two crvstei forms 
(PDB Entry; WIN and WTM. the katei with two Fans 
in the asymmetric unit of the crystal) and without ligand 
(PDB Entry: i HIL, with two Fabs in the asymmetric 
unit of the crystal), NC4I with bound neuraminidase 
(PDB f r , IN( X) ,v SF5 tPD.B Fntr iBBi 
those of the human Ko! (PDB Oniry; 2FB4}, NEW 
(PDB Entry; 7FA8). Hi! (PDB Entry: 8FAB. with two 
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Fabs in the asymmetric unit of the crystal) and 3D6 
(PDB Entry: IDFB). The human Fv, POT (PDB Entry; 
f Jed in the analysis where 

En the Fab (Fig, 2), V L and V M associate closely to 
form a compact module, the Fv, and tire related by o 
pseudo-dyad; (he constant domains in the Fab, the C t 
arid she C», i, likewise form a compact module and arc 
Cso rotated by 3 pseudo-dyad (Table 3). On average, the 
V : -V j( contact buries approximately 1420 A* of surface 
are;; (720 in V,. and 700 in V„). The \> L ~V it contact varies 
from msibod) i< anlibod) fj >bje 4) md i'lej ; a 
found even for the same Feb but crystallized in different 
crystal form;;. The C- C fl 1 contact (Table 4) buries 
ipi - I?10A ? ol arfaee area (870 m C,. and 

840 in C„ 1) and, here also, some variation is found in 
the contacts present in supposedly identical 0,-0,*) 
pairings. The variation seen in the identical Q-Cj,} 
pairincs may reflect the different lattice forces to which 
the molecules arc subjected in the different crystal forms, 
;hr- errors in the ctvstaltographic analysis of these struc- 
tures, or both. 

In both light and heavy chains, the variable and 
constant domains are linked by a short segment of 
polypeptide chany called the switch. Visual inspection of 
the Fab structures (for example, Fig, 2} identities the 
switch peptides as residues 507, 3 OS and 109 in the light 
chains and residues 113, 114 and 1 15 in the heavy chains 
Numbering scheme of Kabat et at. (1991)). Residue 106a 
is missing in k chains so that the switch region in k chains 
is shorter by one residue than those in ). chains and 
heavy chaws. The relative disposition of the variable and 
constant modules is usually described by the angle 
between the V.-V., and Q-C,, I pseudo-dyads. This 
angle is celled the -'elbow bend'" of the Fab and is 
variable, in view of she flexibility of die switch, "flic Pah 



bend ranges from a tight 127,2 s (in Fab 8F5, PDB Entry: 
18BD) to an almost straight 1 76.2" (in Fab RI9.9, PDB 
Entry: 2F19) (Table 3, Fig. 3). hi all cases known to date 
where the Fab is bent, the Fd is more bent than the light 
chain, t.c. the angle between V., and C„ I is less than that 
between V L and C L ; this has been attributed to the 
presence of smaller side chains in the interface between 
V„ and C u I (Segal et «/., 1974). 

Th e Fe 

variable domains arc assigned either to hypervariabie or 
compiemernariiy. determining regions (CDRs), or to 
nonhypervariable or framework regions (Wu and Rabat, 
1 970). The CDRs of the light chain are defined as being 
comprised of residues 24-34 (CDR3- L), S9-5C fCDR.TU 
and 88-97 (CDR3-L); those of the heavy chain contain 
residues 31-35 (CDRI-H), 50-65 (CDK2-H) and 95-101 
(CDR3-B) (numbering convention of Kabat « ai. 
0991)1- Variations in length accompany (he variability 
in sequence m these CDRs, with CDR") II d ;p!aymf 
particularly large length variations (Kabat et ai.', 199!)" 
The framework regions in V u are defined as being 
cc of residues 1-23 (FRI-l), 35-49 (FR2TT 
57-8? (FK3-L) and 98-107 (FR4-L); those in V K contain 
residues 1-30 (FRI-H), 36-49 (FR2.R), 66-94 (b'R.VHh 
and 102-112 (FR4-H). 

In three -dimensions, the CDRs are seen as loops 
mainly situated at the N- terminal tip of the Fab (Fig, 4), 
where they form a continuous surface approximately 
2800 A' in area. The extent and conformation of each 
CDR are primarily determined by the nature and num- 
ber of amino acids in the segment, and the variability in 
sequence and she seen in the CDRs results in a large 
variation stt the topography of the CDR surface. The 




Pig. 2, Stereodrawing aid he » -carbon trace of the Fab of the murine antibody, fHMEi.-U). The iishl 
ehdit n. J i it iti \ i i i, 

at the bo ton The N and C termini el die two tia n . res,duc* n u lt 

and last residues of the six CDRs arc labeled. The COR residues are , d,.M , by filled arete. 
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E.A. ?M>i.m 



fabli < i , -mary structure of murine and himur unlit 

rf gj ins of } i 



Arttibocy- 


— 

Code 


-------- 

Rotation 
(segrses) 


symmetry 
Translation 

(A) 


c. : .-c„ j 

Rotation 
(degrees) 


symmetry 

Translation 

(A} 


Pah bend 
(degrees) 


(Marine) 














1539 


2 FLU 




0.2 


173,9 


-2.0 


143.8 


MeiPC603 


JMCP 


n.i.4 


0,1 


171.8 


-2.8 


131.3 






n.u 


0,3 


S7I.9 




!3i.8" 


HyHSL-10 


3HFM 


m.b 




167.7 


-2,0 


145.6 




2HFL 


171.4 


0,5 


169.1 


-2.0 


165.7 


R19.9 


2F19 


175.2 


0.3 


!66.a 


-2.0 


176.2 




1F.M 


173.0 


0.3 


K.7.8 


-J.8 


! 76. 1 


4-4-20 




175.5 


-0.3 


174.3 


1.6 


174:9 


BV04-01 


* 


176.S 


-0.1 


170.6 


-5.8 


173 J" 




4 


17,1.5 


0.3 


572.3 


1.8 


172.5 


36-7 f 


6 PAS 




-0.! 


171.5 


-2,0 


166.6 


13 5 312 


21 GF 


!72.<J 


0.1 


570.6 


-2,0 


155.1V 




> J C ! '- 


(72.5 


0,0 


S70.0 


-2,0 


1 53.0* 






572.7 


0.1 


i 70 ') 


- 2.0 




DU 


1 FDL 


166.2 


0.7 


17!. j 


-1.9 


mo 


Y.M9-1 


(MAM 


175. f 


-0.1 


172,4 


-f.S 


I4S.1 


ANii; 


iflAp 


173.3 


-0.5 


167,4 


-2,2 


153.SS 


17/9 


1H.1N 




-0.3 


(72.3 


1,9 


!7S.I« 




IH1M 


169.! 


0.2 


(71.3 


~U 


172.7** 






169.5 


•0-3 


17U 


l,S 


1 7 1 .6"' 




ihu. 


!7E).3 


-O.t 


171.8 


-1.9 


f 59. 7* 








0.2 


171 .7 


2.0 


1605" 


8F5 


mao 


(73.7 


-O.J 


171,0 


-2.1 


127,2 


NC4I 


INCA 










146,6 


{Human) 














Ko! 


2F84 


167.9 


--O.t 


(70.4 




565.2 


NOW 


7PAR 


164.3 


-0.5 


(70,4 


-3,8 


129.9 


Hi! 


8 FAS 




0.3 


174.6 


2.7 


147.2* 






J 74.8 


0.1 


168.8 


-3.3 


135.7' 


3D6 


1DFB 


166,8 


0.J 


169,5 


-2.1 


m.9 


par 


I 1GM 


174.4 


0.0 









I igai i'u form. 
*For the first Fab in the asymmetric unit of the crystal. 
'For the second Fttb in the a metric wiit < 

' • 1 ' i 1 by Dt Alien B EdiiiUudson ;id cov rkm 



The rotation and translation parameters which 'elate V L to V K and C' ; to C„ 1 were 
obtained with program ALIGN (G. H. Cohen. NJH) Wins the « -carbon positions 
of residues: 3-7, 55-26, 31-38, 44-48, 60-66, 70-90 and 97-106 m V, ; residue- 3-7. 
10-25, 32-39. 45-49. 65-7). 77-94 and 102-111 in V„; reSiUv.cs 109-117. 129 142 
144-149. 15S-I62, Vh)*W„ 192-198 and .104-708 in C, ; awl residues- | IV- 1 '7 
139-152. 154-159. 166-170, 1 77-193, !9g-204 and 250-214 in C„>. The nurttbsring 
onventiw of Rabat tn W\ j is used for \ V„ a < In 
< ,w *> us « s fcr c « fhc« dues t cm ih tn (orrt l . ,K lei t 

ii li i i ( f J 5 1 > , i !"M flu i'u',j 

ant; Dav.es, so pressHatiero The Fee bend is the an>;!<; be! wen (he rotation -.ues 
which relate' V\ n> V„ )ind C fc to C„: 



CDR surface is characterised by depressions, and protru- 
sions and may contain a deep pocket {for example, m 
M< >< 03 l 1 a/ 974), or cleft for example, in 
MAS*! 31 (Garcsa et al. y 1992)}, or a prot rubers nee {for 
example, in HyHEL-10 (Padiart et a/., 19S9)]. Crystallo- 
grapbic analysis of several anttbody-tmugen complexes 
and other o s h e !y shov thai antigen 
binding primarily involves this surface. The CDR sur- 



face is therefore usually equated with the combining site 
of the antibody 0he paratope). 

The six CDRs are disposed (Fig. 4) such that ihc 
N-ttnuinai pan of CDR! I and the CMerroinal pans of 
CDR2-L and CDR2-H are farther from the comer of the 
CDR surface, while CDRJ-H, CDR3-H, CDR3-L. the. 
C-iermirml part of CDR1-L. and the N- terminal pans of 
COR2-L and CDR2-H are closer to the center. 



Anatomy of the antibody molecule 



Table*. V t «V H 3fl<J Q.-C t! I inieraetieas in murine and human anti; o»s >| known 
three-dimensional structure 



V t -V K iatwacJkws CV-C !( ! interactions 

PDB Surface Buried Surface Buried 

A ntibody Code Vj, V H vdW H.b. l.p. C f C„J vdW H.b. i.i 



(Murine) 





2FBJ 


773 


740 


DO 


9 


0 


8 $8 


835 


147 


3 


tl 


McPC.603 


IMCP 


874 


S25 


J7G 


6 


0 


765 


750 


120 


1 


0 






874 


825 


570 


6 


0 


S3? 


790 


in 


3 


0 


HyHBL-10 


3BPM 


718 


676 


122 


3 


0 


945 


981 


153 


6 


1 


HyHEL-5 


2HFL 


655 


627 


119 


9 


t 


836 


810 


139 






R19.9 


2F\9 


827 


846 


!6S 


9 


0 


872 


835 


i 59 


5 


0 




1FA1 


744 


751 


1S3 


5 


0 


868 


m 


165 


S 


o 


4-4-20 


'! FAB 


670 


696 


119 


6 


i 


86d 


S78 


131 


s 


j 


BV04-01 




702 


67 1 


105 


3 


a 


913 


367' 


f49 




i 






m 


.688 


IB 


6 


{} 


958 


930 


182 


6 


( 


36-71 


6FAB 


726 


729 


131 


4 


0 


I06» 


1056 


237 


n 


2 


Bf.ll'i 


21GF 


715 


682 


132 


S 


0 


5045 


973" 


145 


4 


1 




UOF 


756 


73! 


163 


n 


t 


8? (, 


836* 


166 


6 


0 






736 


7S2 


iS!> 


7 


a 


868 


931' 


16) 


7 


0 


DiJ 


(FDl 


732 


684 


19S 


11 


j 


866 


864 


16! 


12 


] 


Yst9-1 


IMAM 




626 


io 


3 


0 


918 


837 


159 


4 


0 




1BAF 


M2 


615 


120 


7 


0 


1043 


sooo 


!88 


11 


2 


17/9 


mm 


730 


706 


137 


10 


2 


788 


758' 


162 


5 


0 




mm 


760 


742 


132 




i 


759 


76!** 


15! 


S 








740 


730 


143 


9 




834 


796 J "' 


163 


4 


0 




imi 


757 


74 i 


166 


!4 




788 


76S 4 


363 


6 








741 


744 


163 


!! 


1 


870 


,S09< 


172 


8 


f 


8F5 


iBBD 


665 


635 


M0 


13 


0 


906 


849 


361 


4 


0 


NO*! 


INCA 




63! 


141 




0 


1074 


99! 


19! 


8 


ft 


(Human) 
























Ko! 


2FB4 


800 


730 


(62 


4 


0 


m 


856 


125 


9 


2 


NEW 


7FA8 


623 


594 


i!9 


6 


0 


709 


648 


98 


6 


1 


Hi) 


8FAH 


583 


m 


132 


9 


t 


676 


623* 


96 


4 


0 






7M 


m 


!53 


6 


0 


829 


755' 


129 


9 


i 


m& 


IftFB 


716 


683 


133 


2 


1 


84! 


888 


116 


6 


0 


POT 


HGM 


687 


687 


130 


9 


i 













'Lig&nded form. 
'First Fab in the entry. 
'Second Fab io the entry. 

Two atoms are said to be in van der Waafs' contact (vdW) if the distance between ihcro is at 
most the sum of their va« der Waais' radii plus 0.5 A. Polar atoms are «ud to be 
hydiogen-bomietl (H.b.) if the distance between them is at mt»i 2,90 A (taken to be ore 
standard hydrogen-bond disttu plus 0.5 A. Opj a it n aid to form a 

in itfifj if the distance between ih<.m is it rtic-u ss A [nfiu t> b t , tl „„,]>„ 
distance) plus 0.5 An average crtof in the atomic positions of 0.35" A is assumed for at! (he 
"J 1 -' 1 1 lysis; the a cm i or in th mc tit mi iisiaw i i, 0 s 

f »0.35 xsqrt(2.0)[. Surface areas were computed using program MS of Connolly (1983}; a 
probe radius of 1.7 A was used and four points per square Angstrom of surface ares were 
computed. 



The tKttihypcrvatiabie or framework regions,, by and 
t si ow conserved amino acid substitutions and very 
similar three-dimensional structures The different anti- 
bod bioit i/ > n be pictur< 1 
constructed with CDRs of varied shapes and sizta, which 
are grafted onto a scaffolding of basically conserved 
struct ure. 

The contact between V, and V„ involves both frame- 
work and CDR residues and features frame- 
work-framework, framework-CD R and CDR- CDR 



inter; ;tions I he invoh sment of CDR residues in the 
V'i.-V„ contact is significant, ranging from 26 to 57% of 
sit atomic interactions in the structures analysed 
(Table 5). This involvement undoubtedly contributes to 
the variation seen in the quaternary association of the 
variable domains. The contribution to the contact from 
the individual CDRs is not the same (Table 6); in V, , 
only CDR 3 fee „jtf, alt the CD I 
chain (on average, 5% of its contact is wish CORI-K, 
28% is with CDR2-H and 67% is with CDR3-J1); jn V„. 



Fig. J. Stcreocha wings of she a- carbon trace of Use Prsbs of (::> Sfo (i'-'Dfi limy: j USD), which is 
tie w)M h. ni (1 4b Ui nJiH? 0 i(pi>n „, >]) i m > j ^ 

bund - J 76 J ) In these drawings Ov. Fahs are orient hat t 

maximally .vjperposed. The light chtiirw are drawn with thinner lines and the he.svy chains with 
thicker fines Thsr variable domains arc on top m«i the onstam domains arc at the botions. 



only CDR3-H interacts with all the CDRs of the light 
ha« .» avc tgc 22% of its contact is tvith CORLL. 
i-5 c >,» is with CDR2-L. and 60% » s with CDRj-L). The 
tV,uv!fwo;k residues of V, which interact with the CDRs 
in she Heavy chair, are mostly from FR2-L and FR4-L, 
fraj >e a oik residues of 
V f , which interact with the CDRs in the light ehaiit ate 
> t from FR2-H > 



residue that is involved k that at position 47 (usually a 
Trp), Details of the V c -V ( , contacts in Kol and J539 are 
presented in Table 7 and Fig. S. The CDR end frame- 
work residues, which are involved in the v',-V H truer- 
action in the various antigen-binding regions of known 
ihree-ditfiCMionai structure, are given in Table 8. 

Intradomatii framework-CDR interactions can influ- 
ence the coxtFormatKw of the CDRs, Indeed, canonical 



Anatomy of the antibody tnofccule \ 70 




Fig, 4. Siereudrawmg of the at -carbon truce of the Fv of antibody HyHEL-10 vjewed cmi on. The 
figure is rotated §0" relative to Fig. 2. The V\ is on the left (thinner (ines). The CDH residues are 
indicated fay Siied circles and their ends are labeled. 



structures have been observed for most CDRs and (hose with the CDRs (Chothia and Lcsk, 1987: Chothia e; a!,. 
structures appear to be determined by the nature of a 1989: Tramontane et at, 1990). The framework, there-' 
small number of framework residues that interact fore, does not simply provide a foundation for the 



Table 5. Involvement of framework (FRM.t and eompSementansy-detemiKrojj (COR) regions 
in the V L -V H interactions m murine and human antigen-binding regions of known ihrcc-di- 

mensional structure 

Number of interatomic contacts between: 
PD)i Vj.andV <( V L FRM .and V„ FRM and V t CDRs and 



Antibody 


Code 


FRM* 


V H CDRs 


Vj, CDRs 


V SJ CDRs 


Total 


(Murfti*) 














JS39 


2FBJ 


55 


36 


24 


65 


190 


McPCso;) 


!MCP 


5<5 


27 


27 


&} 


no 






56 


27 


27 


m 


170 


HyHEL-50 


3HFM 


5! 


8 


$7 


46 


!22 


HyHEi-5 


2HPL 


65 


25 


12 


f7 


(19 


Ri9,9 


2F19 


50 


27 


!7 


74 


(68 




J FA I 


4H 


40 


15 


5Q 


153 


4-4-20 


4FA8 


4(i 


30 


22 


27 


1)9 


BVu4-f.<i 




55 


14 


8 


28 


105 






49 


J? 


15 




123 


3t;-7i 


6FAB 


53 


31 


21 


2(5 


US 


mm 


21GF 


4! 


25 




55 


132 




t IGF* 


68 


26 




5S 


(63 






66 


3D 


10 


53 


1 59 


D1.3 


1FDL 


68 


36 


2! 


70 


(95 


YST9- ' 


IMAM 


41 


If 


13 


9 


80 


AN02 


IBAF 


53 


19 


17 


31 


m 


17/9 


miN 


54 


26 


JS 


39 


137 




I HIM* 


47 


29 


!7 


39 


U2 






SO 


24 


17 


52 


143 




1H1L* 


57. 


36 


19 


54 


166 






57 


33 


15 


58 


(63 


8FS 


IBRD 


66 


2! 


22 


3t 


140 


NC4I 


1NCA 


JS 


17 


15 


51 


14} 


(Human) 












Koi 


2FB4 


74 


S3 


21 




162 


NEW 


7FAB 


51 


!4 


22 


32 




Hi! 


8 FAB* 


S3 


23 


12 


38 


133 






55 


24 


to 


64 


153 


3D6 


IDFB 


49 


14 


16 


54 


130 


POT 


i!GM 


55 


28 


it 


36 



'Ugandcd forra. 

'Tor the first Fab in the asymmetric unit of the crystal. 
'For the secon i 1 of the crystal 

See footnote to Table 4 for the definition of contacts. 



180 EA.Pabuw; 



Tabic 6. wan 


t dot Way!:;' 


contacts amu 


Hg the CDRs of rnurto 


.rociurc 




-hi riding regions of kno^vn three-dimensional 






„ , 




I: 






CDR3-L w 


itb; 


~ Jzl — 


CDRt H ' 


rph"' H 


CDU3-H 


CDRJ-H 


.... . 


CDR3-H CDRl-H CDR2--H 


CDR3-H 


sm 


0 


0 


23 


Q 


0 


7 


1 (2 


~ ~-~ 




ft 


0 


IS 




0 


2 


13 4 




HyHEL-IO 


0 


0 






0 


0 


0 33 




HvHEl.-S 


0 


0 






0 


e 


4 9 




R\%$ 


0 


0 


5 


0 


0 


6 


t 30 




4-4-20 


0 


0 






0 


n 


! 0 


0 


RV04-f.il 


0 


0 


n 


jj 


0 


9 


0 0 


1"> 


36-71 


u 


0 




)j 


0 




0 3 




B1312 


0 




36 




0 




0 0 


, & 


01.3 


0 


0 


5 


ft 


0 


0 






Y\si9-i 


0 


0 


0 


Q 


0 


4 


!> 3 


*l 


AN 03 


0 


ft 


2 


0 


0 










II 


0 






0 


10 






fiES 












16 






NC'4 ! 






3 




0 


6 


0 0 


42 


Ko! 






5 




0 


0 


3 8 


28 


NEW 


e 


0 










3 12 


13 


Hil 


ft 


0 


10 


ft 


fl 


1 


0 I 


26 


306 


0 








0 


!8 


J 0 


33 


POT 


0 


8 


0 




0 


7 


0 2 


27 


Totals 


0 








0 


112 


29 im 


384 



TkLi,tf(iinlcuMJi the cunfunuon lor Hi tin . • ifl'lt Entry: 

1HIM. first Fab in Ac entry); and (here and in subsequent calculations) those in PDB Entrv 2FI9 tor K J.v. the Si 1 k 
?D » R»w>- 3HA» foe Hil, and those in PDB Entry INCA for NC<1 1. The 7 residue deletion around the CDR2-L of NEW 
v, » interacted here as a deletion of ail of CDR2-1. in view of the miriigens hypothesis of Kabat el at. (1978); UiW restart 
h: NEW has oausuat amino acids and a different .vrnittwr* compared to «,« other V, s. Sec fonttirte to Tabic A for ate 
<fctlftit«>n of contacts. 



construction of the combining site; small variations in Crystaitographic analysis of antibody structures, with 
the architecture of the framework can affect the topogra- and without bottnd iiganu, has shown that, hi 'some 
phy of the CDR surface, cases, the combining site structure could change on 





Ts 


.bits 7a. V L -V M contacts v 


n the human {JgGM) Ko! (PDB Entry 2FB4) 




















T32 N3<f V'36 


Q38 G4; M42 A43 


E44 US Y49 Y87 W9f V9J N95a A95b 




Totals 


Y3S 








3 




V37 








4 




Q3v 




e 2 


f 




9 


' ■■'<■'. 












US 






2 7 




20 


W4; 






i & 


14 5 


2t» 


ISO 






3 




3 
,S 


HSS 






S 




ran 




2 3 2 








ClOOa 






7 




7 


Si 00b 






2 






8 ma. 






2 




2 


ctoor 


! 




8 


2 


9 


FlOOg 






10 




13 


GlOOh 


I 






3 


4 


PlOfii 


!0* 






6 


16 


DtOi 






3 




3 


W103 


5 




ts 




23 


Oi04 




2 







totals 1 4 '5 8 4 > S 17 3 10 15 18 2 6 1 28 20 162" 



Anatomy of (he antibody molecule 
i^'~ > J n ''^ r "' ' : ' i:;a (W-k'}*™ (? m '""fry- ?-FSJ) 



" 1 V '.." <L ^ w N H !■>■> \s ,n ( JV W-)} Yv'3 P94 1.95 



W33 






" j 




V37 








f 


Q39 






i* 


4 4 
10 
I 








J 








3 


3 


L4S 
\V4? 
£50 


3 




5 

2 

t 


6 14 

i 21 1 24 


T56 






1 


1 


N5S 






S> 4 


t 

& 


Prti 










YVJ 

t» 


I 4 3 






8 


V'3>7 




i 




f 1 






5 


U 


1 

26 


G99 


3 




3* 4 


3 12 


YiOO 


10 5 


3 16 


i 


35 


NiOOa 


6" 


2 


f 


A10J 




3 




i 10 




3 6 


3 




.? 

1 13 

3 
8 


CI04 








QI05 


8' 







15 (2 11 16 



fines are from ihe V,, and those atong the vertical are from the V u . In the* „ , 
tiK dement/- (,,„/) represents -ho number of mulcting aum pairs, one ivom residue , and the other from Kwrfm! ; The 

< natrix elements signifies that the contact involves at 
i 1 tiwto ' la i definition of comae's 




Fig, 5. StereoGjawwgs of the a-carbon trace of the Fvs of Koi {s> and or J539 (b) showing the 
tS r< the V, r \ uu IV ,ud wn v»ti humeri.!, , the IcJ i! s 
chams oi the residues invoJwtJ the contact arc shown in full. 



Anatomy of the antibody molecule 



iS3 



■ ind ng, ,1 tit manner of an "induced fit" {Edmundson 
et aL 3 97-1, 1987; Colm&n, 1988; Bhat ef at., ?990; 
Hcrnra ?,-«/.. t9VI; Rtnj or 1992; [reviewed by Da vies 
a»<* Padten < 1 992)3), The conformation of the individual 
CDRs. especially the longer ones, could change, as could 
the mode of quartornary association of the variable 
domains (Colman <?/ «/ , 1955?, Colman, 1988; Bbat e> at,. 
1990; lienor, ( o <-.;.. >99i, Run «' m'., 2992), These results 
suggest that She combining site structure is not rigid, 
rather, it is plastic and may assume different confor- 
mations depending off circumstance. 

The €,;■<:„ I module 

Representative C,-C„ ! interactions are presented in 
Table 9 and Fig, 6. The contacts observed in hah Koi 
(human igG i ,2 } jTable 9a and Fit? 6(a)! include wo salt 
bridges; one between GhtiTM and Lys213-H and the 
other between CluKM-L and Lysi47-H In Fab 3D6 
(human igG I,* .! (Table 9b), no salt bridges arc formed, 
despise i he fact that a glutamic acid residue s$ present at 
position 123 also in the JD6 light chain. Actually, in 
3)>6, there is a favorable electrostatic interaction be- 
Hveen the charged moieties of G!ui23-t and Lys2l3-H, 
which are within 4.0 A of each other. This interaction 
would be only about half as strong as that in Kol where 
the corresponding distance is 2.8 A, The second salt 
bridge it) Koi is not possible in 3D6 because 'die Go, at 
position 124 in Q is replaced by a Git) in C f (Table 2). 
Despite the many differences in sequence, Uie patterns of 
d.-Citl interaction in these human Pabs. one with a k 
and the other with a k chain, ate similar. 

The Fab of 17/9 (JgOZs,* > (3PDB Entry: J MIL. first 
Fab in the entry) was chosen to represent the murine IgG 
subclasses in terms of the C, - C„ 1 interactions, since this 
structure has been determined so high resolution and 
refined to a high degree ( Table I). The C\-C H I contact 
in 17/9 (Table 9c) shows a pattern similar to thai of 3D6 
(Table 9b), which is not surprising in view of the 
similarity in sequence of the homologoas domains. The 
salt bridge between G!ul2'i-L and Lys213-H is also 
found in i 7/9 and in lite Cy-C H I of the other murine IgG 
isotyj > lata not ^h wn) The inlet -residue contacts ht 
the CV-C,,! of the murine J339 (IgA,x ) Fab (PDB 
Entry: 2FBJ) are presented ttt Table 9tJ and Fig. 6(b) 
Again, the pattern of the contacts is similar to the others. 
However, the salt bridge found m the C L -C K I interface 
in die nitirine and human IgGs is not possible in IgAs 
(murine o; tiaman), since She Lys at heavy-chain pos- 
ition 213 is not present in shese molecules. 

A cavity has been observed between C, and C«l 
('Radian el at.. I9S6V U was proposed that the function 
>( lis cavity i pros fc t i Gum i i the 
into ion et sen the domains, so that the variation in 
the Interface residues n the i ,rx:s can be 

tolerated while still preserving the basic quaternary 
structure of the C,~C„ 1 module. 

The Fab bend 

The interactions between V, and Q, and between V„ 
and C (j I are no: very strong and, in view of the variation 



in the Fab bend {Table 3), are variable. The contacts, 
computed for the most bent Fab, 8FS {Fig. 3(a)}, and for 
the most straight Fab, RI9.9 (PD8 Entry; 2F19) 
[Fig. 3(b);, are presented in Table 19. Included in Table 
K) are the contacts for an Fab with an intermediate bend 
angle (153.0 s ), 81312 (FOB Rntry: I IGF, ftrst Fab in the 
entry). 

In the case where the Fab is most bent [Fig. 3(a), Tabic 
lOaJ, the residues from V H vhjeb ec n t! 

com k tr iu m } \ ml c < > 1 

mcnt and from two bends: one at around position 151 
and te other ttt a host iron \\ 

come from the bend at around position 81 and from the 
C- terminal segment of the domain, those from C, come 
from two bends; one at around position 140 and the 
other at around position 163. As the Fab becomes 
straightcr (Table lOb.h fewer contacts are formed; the V„ 
and Q. segments involved m the mleracilon remain in 
contact, but interactions involving the N- and C-tsmd- 
nal segments of C„ 1 become less and less and are 
ulti lateiy hasp as well as the interactions f > i cite 
bend at around position 81 of V L . Not surprisingly, as 
she Fab becomes almost straight (Fig. 3(b), Table 10c], 
the N-tcnrnnal segment of V, starts to be involved in the 
contact, so that the V t ~C t and V B ~C H I interactions 
become more analogous. 

The biological function of the C r C. ( I module is not 
obvions although the association of Q and C„ f necess- 
arily increases the probability of a proper V. -V,, ouaier- 
nary interaction. In addition, the presence of additional 
domains in the Fab arms extends the reach of the 
antibody and the loose connection between the Pv and 
the d-C,, 1 module contributes to the ffcatbdity of the 
molecule (see below). Is is also conceivable that the Q 
and C (1 ! may help conceal other ligand binding sites that 
are uncovered only when antigen is bound. A more 
definite function for C,.-C, t I may be revealed m time 

The Fc 

The structure of this fragment has been reviewed 
elsewhere (Pad Jan, 1990b ) and some pans of that review 
are reproduced here. Crystal structures are available fee 
the Fc of human IgG J (Deisenhofer, 198!) and for that 
of rabbit IgG (Sutton and Phillips, 19513). and they arc 
very similar However, atcm c mutun h ju i,miabh 
for only the human FcfPDB Entries: 1FC! and IFC2), 
The structure of the pirn' of guinea pig IgG has also been 
ana;ysed (Bryant ei oh, 1985) (PDB Entry: iPFC) and 
it is found to be similar to Peal of the Cy3-C>3 module 
of human Fey, We will confine our discussion to the 
slruciure of human Fey, 

The structure that is available for human Fey is 
comprised of residues 238-443 (Bit numbering), which 
includes most of the Cy2 and Cy3 domains. In some 
crystal forms of Fc or of intact antibody, the two halves 
of the fragment are related by a crystaliographie, i.e. 
exact, two-fold axis. In the crystal form of human Fey 
that was analysed crystallographieaSly, the (wo chains 
arc related by a pseudo-dyad axis, in that structure 
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Fig. «. Sterwdrawmgs of the a-csrboa trace of the C L ~C„1 modules of Ko! (a) and of J 539 <b> 
showing Ac residues which art in the G C ti i comact. The C fc s arc drawn with thinner lines on the 
left. The side chains of the residues involved in the contact art shown in fttif. 



(Pig. 7). the two Cy3 domains arc related by a rotation 
angle of 17<>.3° while the Cy2 domains arc related bv a 
rotation of 174.3*. Carbohydrate moieties, that are 
linked to the aspartames at position 29? (En numbering) 
it) both chains lie between the two Cy2 domain'; The 
Cy3 domains arc in close association and form a com- 
pact globttSc, white the C-/2 domains are farther apart. 

The C,'2 and ( ! .domains both rejeml do 1 
constant domains of the F;tbs. The residues which form 
the bikyer 0 -pleated sheet: structure are indicated in 
Table 2. The interior of both domains is filled with 



Tab!,- lha Atomic contacts between the variable and constant 
h- t- u -f ] ib -'Li'< i ,t, Pf I 

C„ ; 

M K 1 ! , > ! ,1 f 1 t 

A9 | 2 r~ 

Li! ) I 4 t i 
Si OS I 
Tl!ti t 0 

SI 12 2 



Vj, VI 40 Qi6f> 'sifig K169 St?! 

881 2 

OS 4 

EiOS 2 

LIOS 2 11 ! 

Xioy i 



mainly hydrophobic ;ade chains. Side chains emanating 
from one /? -sheet in each btlayer form the. contact 
between the Cy.i (fig. g>. The interaction is strong and 
involves more than 20 residues from each domain 
(Table H). Approximately 20OOA" of surface area are 
butted in the CyTCyJ interface, where several hydro- 
phobic resiuae;-., including some with large, aromatic side 
chains, are found, In addition, there are a number of 
hydrogen- bond interactions ami three salt bridges. 
In contrast, the analogous sheets tit the Cy2 domains 
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the ca 


rbohydtates 




aapatagtrtes at 297 (Fig 7 


), so that a 
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sk residues l><> the horiaoriial lines arc 
the constant domains and these alonj 
vertical are hero the varmfcic tie-mains c 



carbohydrates, the Cy2 domains may not be able, to 
associate in the manner of the Cy3; the N-tennim of the 
C>2 domains are probably too close, in view of the 
interchain disulfide bridge's) in the hing< -yo i t 
the N-mrmmi of the Cy3 domains are far (more than 
40 A) apart, 

The longitudinal contact between the Cy2 and C>'3 
domains is substantial, with approximately 780 A } of 



t ' tologous d 

human heavy chains can be compared in Tabic 2. The 
various IgG isotypes are similar to a very high degree 
and there is little doubt that the structures of their Fc will 
be essentially the same. The sequences of the other heavy 
chains arc not as simitar bus they share enough struc- 
tural features with IgG! to justify the assertion that the 
homologous structures in their Fc will have the same 
general architecture. 

No obvious structural function can be attributed to 
the carbohydrate attached to the Asn as 297 in IgG I 
(Fig, 7). interesting!}', at! the other heavy chains arc 
probably glycosylated at the same (homologous) pos- 
ition, except the IgAs, In the tatter, a probable site of 
carbohydrate attachment is the Asn at position 258 
(Tabic 2), it is interesting that the residue at position 258 

whether, in the IgAs. a carbohydrate attached to residue 
258 might follow a course reversed irt relation to that 
found in IgGl , but nevertheless covering one lace .;>(' C H 2 
in much the same way as that observed in IgG J 
(Dcisenhofer, I9SI). h should be poinled out that the 






E, A. Paulas 



SlllllllllllllllSlliSIl 



Anatomy of the antibody molecule 
act* »" Human IgGI Fc (P0B B«t«y: IFCi, first chain in the entry) 



Y373 P374 E376 1377 R3S0 M428 H<S19 E43Q B435 Totals 



A339 
K340 



Thc reside* on the horizontal line are from the C„3 domain and those along the vertical are from the 
C H 2 domain of the Bret chain of the human IgGI Fc (PDB Entry: ! FC!). See footnote to Table 9. 



carbohydrate moieties attached to the asparagines at 29? 
i ■ ' ' t fount! i e ymmeiricaiiy dispose' 
and to be in greater contact than those in human Fey 
(Sutton and Phillips, 1983). A detailed comparison of 
these two Fey structures, when atomic coordinates for 
the rabbit Fc become available, may reveal other 
differences. 

The fringe 

Antibodies exhibit segmental flexibility, which is made 
possible by the presence of the hinge region between the 
Ftibs and Else Fc and of the switch regions within each 
fragment {see, for example, Burton (1985, 1990*) and 
Tan et at. (\990)}. The hinge permits the fragments to 
rotate or to wag, while the switch regions permit the 
fragments to Bex. By and large, the hinge can be viewed 
as consisting of three parts: a flexible upper region which 
permits the Fabs to rotate and wag and which also 
determines the separation between the Fab arms, a Stiff 
middle: which eeis as a spacer between the Fabs and the 
Fc, and a flexible lower region which allows the Fc to 
wag. The rigidity of the middle part is almost certainly 
provided by the inter-heavy chain cystines and by the 
many proline residues that arc often found in the hinge. 
The lower pars; of the hinge would be the segment 
between the last inter-heavy chain cystine and the 
residue which marks the beginning of the compact Fc 
! ibc be-- in husnan IgGI or homologous residue in the 
r ami ly cl F!k residues which constitute 

the flexible upper pan of the hinge arc not easily 
1 1 i 1 ence of thj t 



The size of the three hinge pacts varies among the 
different antibody classes, so that the middle part, for 
cxarepfe, ranges in size from the single cystine in human 
IgO to more than 40 residues in igG3 (Table 2), 

Very little three-dimensional information is available 
for the hinge, mainly because of segmental ikonblhtv 
Thc crystal structure of the intact human IgGI, Kol, for 
example, did not reveal fbv K v hi i , iv < , j 
several dlffcre.nl positions and orientations and, thus, 
was "averaged out" in thc electron-density map (Mar- 
quart ei 1980), The portion of Kol that was visible 
extended only to Cys229 < Bu numbering 1 < c j sequent! . 
the oesapepode, PAPEIXGG betv, :tiC) ?29 (the last 
residue visible in Kol) and Pro238 [the first residue 
visible in the Fc structure {Dcisenbolcr, 198;}L has not 
been visualized and probably represents the most flexible 
part of human IgGI. The crystal structure of a munnc 
IgG2a monoclonal antibody showing « complete hinge 
h:ts been reported (Harris et «/., 1992). but full details of 
the structure have not been presented. 

in the picture of the human IgGI hinge that is 
available (Fig. 9), the segment, DKTHTOPPC, which 
represents the upper and middle portions of thc hinge, 
contains strong secondary structural elements; the 
KTHT legion i v h< Ik d and tec Off \ v umslrni" 
the two chains form a poiy-L-proline double helix, 
cross-linkct! by the two pairs of cysteines {Marqnart 
a! aL, 1980). This pan of the TgGl can be expected to 
be rigid. Indeed, a visual examination of this region in 
the crystal structure (Fig. 9) strongly suggests thai at 
leas: a partial unraveling of the at-belicai structure may 
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be required to give the Fabs the freedom to rotate. In 
this antibody, the Fabs are separated by only 10 A (the 
distance between the C-termini of the Fabs). 

We can only speculate on the nature of the hinge in 
the Other antibody classes and isotypes. The hinge of 
human IgD is probably the most floppy, having 46 
annuo acids between the putative end of fbc Fat) end the 
mler-heavy chain cystine (Table ?}; of course, the poss- 
ible occurrence of helical structures in this stretch cannot 
be ruled out. The human IgD hinge also may provide the 
greatest possible vepanttion between the Fabs {each of 
the two46-a.a segments could be as king as 160 A (T; <\ 
pei residue) If tidiy extended j. The hinge of human igG3. 
on the other band, has been proposed to separate the 
Fabs front the R with a stiff rod 140 A long in the form 
of a polyproTie double helix stabilized by many disulfide 
bonds tMarquart t-i al, 1980). The hinge regions of 
human I C; 1 h. ac U \ p t , t .J 
in view of the presence of many prolines. (Table 2}. 

The C' t( 2 domains of Jgt and IgM could also be 
viewed as rigid Fab separators and thus function in part 
as "hinges" Modeling of the Fc of IgF (Fabian and 
Oavie.-y. 1986; Pumpbtey, 1986; Helm e>: al, 1991) pos- 
itions the ends of the Fabs approximately 33 A apart. A 
flexible segment following the (last) inter-heavy chain 
disulfide bridge has been proposed for IgH (Helm et ctl, 
1991} and for IgM (Perkins et aL, 1991). 

Nature seems to have made provision for coping with 
different varieties of antigens by the use of the hinge. The 
variation in hinge length and amino acid sequence in the 
different heavy chain classes and isotypes results in 
antibodies with difl'etcnt reach and rotational adapta- 
bility, giving she irons one system the means to cope with 
the possibility of different spacing;, and orientations of 
antigenic determinants (e.g. Beats and Fcinsicin, 1976: 
Burton, 1 990s ). One wonders also whether the variation 
in the structwe of the hinge may have a bearing on the 
respective rotes that the different antibody types piay in 
the ovctal! immune response. 



i t trated fie ifriiit of the lower portion of 

the hinge poses an intriguing question since a concerted 
conformational change in the two distdhdc-Sinfeed chains 
would be required so produce m overall deformation in 
this part of the antibody. In view of the fact that 
alterations in the conformation of" a polypeptide back- 
bone are accomplished by changes in the peptide dihe- 
dral angles, which are restricted {Sasisekhanm. 1962), 
this part of the hinge may not be dynamically, i.e. 
continuously, deferrable, indeed, flexed forms of anti- 
bodies, e.g. states in which the t : c aud it* Fabs arc not 
co-planar, may persist for sufficiently Song times to be 
observable (Zheng ef al., 1991, 1992). 

STRUCTURAL ASPECTS OF ANT! BOD V FUNCTION 
Antigen hindmu 

The antibody function for which we have the most 
information is antigen binding. It is welt known 3 has the 
binding of antibody to its antigen is exquisitely specific 

t * Ith i ti low tt, t isce. for f 
Bmasiero et al. (1988)}. Polyreactreity is usually associ- 
ated with natural or pre-iromtatie antibodies which fre- 
quently display reactivity towards self-antigens and 
which are usually encoded by unmutstcd or essentially 
unmutatcd gcrmline genes [see, for e> an 1 3a in 
al. (1989) and Logtenberg (1990)). The structural basis 
for poly reactivity is not yet clear. What is better under- 
stood is the basis for high-affinity antibody-antigen 

{*) Structural correlates of mtigen-f>mdmg specificity. 
The high specificity of the binding of antibody so its 
antigen ss due to the complementarity in the structures 
of the antibody combining site, and the antigenic deter- 
minant {the epitope). This is illustrated by the complexes 
between the antibodies D FT HyHEL-5 and tfyHF.L- 10 
and their antigen, hen egg white lysoxyme {fable 11 
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Fig. JO). There is complementarity in the antibody and 
antigen surfaces which are in contact, that dcp 
to one are by and large filled by protrosw >s from the 
other |i» DJ.3 and HyHEL- 5, 'solvent molecules are 
found trapped in the interface between the two macro- 
molccutcs (Sheriff ■ • 7 Pischmamn et at., 1991)]. 
There is also complementarity in the physical and chemi- 
cal properties of" ihc interacting surfaces, so that hydto- 
.it r:ds trt ft i n< j wht »evi i : < ibk md in ti ca 
of HyHEL-S, oppositely-charged side chains form Ion 
pairs (Tabic 13b). Many aromatic residues figure promi- 
nently in these antibody-antigen interactions. 

3 h intern u i betweei mufooiis 2nd pecdi i 
in various complexes arc summarized in Tabic 14. The 
contacts involve van tier Waals' interactions, hydrogen 
bonds between poiar groups and ion pans. Interestingly, 
the hydri.ip.en bonds mostly involve side chain iiioois; 
very few mmn-dtaitv-mairt-cimin hydrogen bonds are 
observed in these antibody-hgaad complexes. 

The interaction between antibody and larger Uganda, 
e.g. peptides and trinucleotides, is comparable lo that 
between antibody and whole antigen (Table 14). It is 
seen its Table 14. thai antibody -peptide interactions 
approximate those between antibody and whole 
protein antigens, in terms of the surface areas buried 
upon complication, the number of van dcr Waals* 
contacts and the number of hydrogen bonds formed. 
Details of the contact between B13I2 and a myohemery- 
rbriivpephbe homofog are included in Table 13 for 
comparison. 

In the three onti--!ysoxyr;;es, HyHEL- 10, RyHbL-S 
and D1.3, the surface that is used in the binding So 
antigen represents only 28,4, 26.5 and 21,4%, respect- 
ively, of the total Surface formed by the CDR.s; the CDR 
residues which contaci the antigen represent only 35.?. 
37 0 and 25.0% of the total number of CDR residues. 
The antibody- antigen contact utilizers pi meanly the cen- 



tral portion of the CDR surface in the three anti- 
lysozymc cases, and in all of the anobody-liRiind 
structures determined so far, 

1 . D Suesn t 

tore are shown in Table 1 S M< m i j tic residues an 
seen to be involved in the contacts, whereas the involve- 
ment of n 1 >b b< i i n rend thai was 
noted previousiv [Radian ft 990a}; see also Mian ei «/. 
(1991)1. The figand-contactmg residues are seen to orig- 
inate mostly from the Cderminai pan of CDR) -L, the 
first and sometimes also the middle position In CDR2-L, 
from the whole of CDR.3-L, CDR3-H and CDR3-H, 
and from the N-ternnna! pan and the middle of CDR2- 
H. Thus, it is the central portion of the CDR surface 
(Fie. 4} that contacts the hgand m these, and possibly in 
all, antibody-antigen complexes. 

The CDR3-L and CDR3-H arc seen to play a promi- 
nent role, not only in ii.gvtnd binding (Tabic .15), bin also 
in the contact with the opposite domain (Tabic S) and 
in ihe contact with the other CDRs (Table 6i. ft is 
probably »o coincidence that these two CDR3s also 
usually display the greatest variability t'Kabat ,.a'„ 
1991) and, in CDR3-H, the greatest variation m length 
and conformation (e.g. Wu el of. 1993). 

Although antigen binding primarily involves the 
CDRs, framework residues have been found on occasion 
to be involved also in the interaction with ligand. Thus 
the framework residue, Tyr49-L in DJ.3 (Andt et aL 
1986; Fischmann et at., 1990, and the Tyr49-L also in 

with the antigen, as were the framework residues, '1 ro47- 
H in HvHEL-5 (Sheriff et at., IW) and Thr.hTH in 
HyHEL- 10 (Fabian et el. 1989; 

(ii) The driers ' / k n'i,\,n^ (he 

antigen-binding specificity of an antibodv is defined by 
the physical and chemical properties of its CDR surface; 
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Table 15. CDS. residues in contact with iigand in murine ami burr 
amigcn-biading regions of known three-dimensional structure 
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- From PUB Baity: 2iGF. 

* From PDB Entry: i HTM (first Fab in the entry). 

Sec footnote to Tabic 4 for the definition of contacts. 



thirst- in turn are determined by the conformation of the 
individual CDRs, by the relative disposition of the 
CDRs, and by the nature and disposition of the side 
chains of the amino acids in the CDRs. Thus, the 
pronounced structural variability in tit'- CDRs, which h 
due not. only to sequent* variability, but also to the 
insertions and deletions frequently found in these seg- 
ments, and the possible pairing of different V, and V„ 
provide a ready explanation for the wide diversity of 
antigen-binding specificities. Within each CDR, there 
arc residue positions that are more hypervariable than 
others; these, positions are presumably more involved in 
the determination of antigen-binding specificity and in 
the diversification of specificities. The other residues in 
the CDRs may play an ancillary role and simply provide 
idditional "stickiness" (see below). In addition, the 
more conserved residues in the CDRs may play a 
structural rale and serve to stabilize the combt-nttg-sitc 
structure (Kabat et at. x 1977; Padlan, 19776). 

The possibility of "induced lit" provides an addition,;) 
means of generating other specificities, but in this case 
my new ingredients into she pie- 
tt be- achieved by small movements 
re substantial structural rnodifi- 
tion of the CDR loops, or by « 
change in tire, relative disposition of the variable do- 
mains- The flexibility of the combining site, which allows 
the. occurrence of "induced fit" necessarily results in the 
emropic loss upon compiexation, but the greater inter- 
action due to a more precise fit may result in an overall 
increase in binding energy. 

Evidence is accumulating which suggests that any 
roacromolecule. if presented properly, can he antigenic 
and, further, that ail accessible areas of a macromoiecule 
can potentially be bound by antibody [see Benjamin e! 
til 09U) for a review]. Moreover, there appear to be no 
special structural requirements for antigenicity (Padlan, 
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1992). If antibody combining sites are. to participate in 
strotsg interactions with many possible antigenic struc- 
tures, they must possess structural feahures which make 
them especially suited for interacting with Sigartds, 

A survey (Padlan, 1990a) of the then available pri- 
mary and three-dimensional data on the CDRs revealed 
that Tyr, His and Asn have a propensity for being in the 
CDRs. Moreover, although the exposure patterns of the 
various amino acid types in immunoglobulins are com- 
parable to those in other water-soluble proteins, those 
with aromatic side chains are more exposed when in 
CDRs than whet! in the framework regions. Those 
results are confirmed when the now larger structural 
database on cornbtning-siie structures is analysed, The 

i >t accessible ie of the si e chains in various Fv 
fragments of known three-dimensional structure are 
presented in Table 16a; the solvent exposures of the 
CDR and framework residues are presented sepatately 
in Tables J 6b and 16c, respectively. For comparison, the 
solvent accessibilities of the side chains in 50 highly- 
refined structures of water-soluble proteins (Padlan, 
1990a i arc provided in Table 17. 

Again, Trp and Tyr are found to be more buried when 
so the framework and more exposed when its the CDRs 
than in water-soluble proteins in general (Pig. !!); 
phenylalanines also seem to be following the trend. The 
Tr p, Tyr and Pbc in the framework regions of antibody 
veritable domains are usually found in the intcrdomain 
interface (Fig. 5) and in the domain interiors [see also 
Poljak el al. < 1975a), Davies el ol. (1975b) and Novotny 
eial. (1983)]. When m the CDRs, these aromatic residues 
are frequently found to he involved in the interaction 
with ligsnd (sec above and Fig. 10). 

Amino acids with aromatic side chains can contribute 

in i mt]> to ligand b ndirsg because ol thei srgt ,m 
{for greater hydrophobic effect), their large polamabifi- 
ties (for gre ntri ton to the van dcr Waals 
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interact) >), a id heir bilil t > h ft , t f i } t f 
their aromatic rings {Leviit and Pennz, 19U) or through 
polar atoms jo their side chain], and, very importantly, 
because of their relative rigidity since they have few 
degrees of freedom {for lesser loss of conformational 
entropy upon eomplexatioti). 

On ibe other hand, the apolar, aliphatic side chains of 
Vat, lie and Uo arc incapable of participating in ionic 
interactions. They can contribute to hgand binding only 
through van der Waals" interactions and Use hydro- 
phobic effect, Moreover, in view of their rotational 
degrees (.f freedom which could be frozen upon complex 
formation, they cart have a significant negative contri- 
bution to Hgand binding {Novotny et eh, i 980; Padhm. 

1990s}. 

It should also be noted that asparagir.es are wore 
dened when in the CDRs than when in the frame wot k. 
In the CDRs, she asparagines are found to be often 
involved in hydrogen bonds, many to main chain atoms. 
It was argued (Pad Jan, I990«) that these aspsragmes 
serve to help stabilise the CDR loops (the main stabiliz- 
ing factor would be the strong architecture of the 
domain framework) and permit the exposure, of the 
hydrophobic, aromatic?, which otherwise would tend to 
be buried in the domain interior. 

Tints the high incidence of exposed aromatic residues, 
1 he paucity of apolar i 
pan of «ss surface would give an antibody a "sticky 
patch" and give the molecule the capacity to bind diverse 
hgandx. Specificity for a particular antigen would arise 
from she precise complementarity of die interacting 
surfaces end the correct positioning of complementary 
polar csp. charged, erouos on those surfaces (Levy 
« at., 1989). 



(tit) Possible structural correlates of polyreaaiony. 
Thcaffiniiy ofpoJyre ctive a tilx he 'o» tl tntige.ns to 
which they bind is rather low, with affinity constants 
ranging from 10"* so i0" ? M (to be contrasted with 
raonore tcttve antibod i es fot he < 

specific Hgands of 10" 'M or better) {see, for example, 
Burastero et al. (1988)]. Binding to many different 
hgands with low affinity may simply reflect the intrinsic 
stickiness of the antibt d\ ml m tig site Indeed is may 
l possil L tl it 1 1 mtib xly t h r is 1 it 
being monospecific is at toalty capable ot hin-methn; wish 
many diiVcicnt itgands, bar thai we are aware of only 
that one llgand for which she affinity is significantly 
inghci than for the rest. 

it should he pointed out that a HI hold increase in 
affinity requires an improvement in the binding inter- 
action of only 1 .3? kcal/molG at room temperature which 
corresponds roughly to the energy of a hydrogen bond, 
a 0 II * ' cspc m to J cm rev 

- ' of 4.12 keal/rrioic, or roughly the energy as- 

sociated with a hydrogen bond that involves a charged 
group (Fersht et al., 1985); the energies associated with 
salt bridges are difficult to estimate, but these would 
normally be higher and lead to greater increases in 
affinity than hydrogen bonds. This means that She 
difference in the reactivity patterns of polyrecctive and 
monospecific antibodies may simply be a reflection of a 
single araino-acid difference. 

Nevertheless, the concept of poiyreaciivity is intrigu- 
ing and the existence of polyreaetivc natural antibodies 
clearly provides an organism the ability to cope, albeit 
weakly, with a deleterious antigen that it had not 
previously encountered (a. better defense against 
subsequent antigenic challenge is then achieved by 
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The fractional solvent accessibility values for the individual 
residues were computed ss described by Pad!an (i?9G<:<); 
residues, the sidechaifts of which have fractional accessibil- 
ity values between 0,00 and fl.20, are designated as being 
completely buried (Bu), between 0.20 and it 40 as mostly 
buried (mfi), between 0.40 and 0.60 as partly buried/partly 
exposed (pB). between 0.60 and 0.80 a;; mostly exposed 
(niE), and at least CM as completely exposed (Ex), in the 
special cases of glycine, the residue is considered completely 
exposed if its « -carbon atom is accessible to solvent, 
otherwise il is considered completely burted. Here, residue 
exposure* are defined in the context of an isolated Fv. The 
wnliganded forms of McPGMsJ, BVO4-0I, BWI2 (PDB 
Entry; HOP, first Fab in the entry) and H!9 (PUB Entry, 
i MM. first Fab in ibe entry) wore used irt die computations. 

affinity maturation). Several factors may contribute to 
polyrcaci/vity and these arc discussed below. Which, if 
any, can account for poly reactivity in antibodies: may- 
become obvious when sufficient structural data on these 
molecules become available. 

Il is possi <. , « i that differe] t ire 5 'I th 

amibf CDR fa in xi t dii nt antigen 
the case of the three ami-lysozymes examined above, less 
than a third of the CDR surface is utilized in the binding 
so the antigen so that many other awibody-iigand 
interactions can be envisioned. In addition, more of the 
framework residue could be recruited for involvement 

A dose is! between antibody and antigen is a feature 
of tight binding, and this may not be the case for 
polyreaciivity. Departures from a close fit could lead to 
the presence of cavities in the interface, which is energet- 
ically expensive and will result in lower affinity. An 
imprecise fit between antibody combining site and anti- 
genic determinant eouJd be smoothed out by solvent 



molecules, but the immebilizisttcn of solvent molecules 
will result in a decrease in the entrops of the sysl ;rt ai 1 
subtract from the tola) binding energy, again leading to 
lower affinity. 

It may be thai the combining site structutc of a 
poly reactive antibody is unusually plastic so thai the site 
could adopt many different conformations enabling it to 
accommodate many different antigenic structures The 
plasticity of the combining site structure is mainly 
dependent on the defoimafahty of the CDR loop struc- 
tures and on the ability ofV, and V i( to assume different 
quaternary modes of association. The deformsbtlity 
the CDRs wjlf depend on their length and on "the 
presence or absence of stabilising interactions wish 
neighboring structures, as wet! as on the presence or 
absence in these region;; of certain amino acid type:-: like 
.glycine (winch usually confers flexibility), proline (which 
usually co it , c|T eh hs i do 

gen bonding to main chain atoms, contributes try the 
stability of the local structure). Greater plasticity, there- 
fore, may be reflected in a more frequent occurrence of 
glycines anci/oi a reduced presence of prolines or as- 
paragmes. In this regard, it is interesting that, of the 
three possible tcad:ng frames, the one used So transcribe 
the D-gene segment is usually that which results in the 
presence of glycines m the CDR 3- 11 CAberge! and 
Claverie. 1991). 

It is also possible that a polyreaetive combining silo is 
unusually slicfcy, as a consequence of the presence or 
absence of certain amino acid types which give the site 
a greater capacity for binding ligands. Greater stickiness 



Table 17. Exposure of ammo acid residues in 50 Wghty-rcfined 
water-soluble protein structures 
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Sec footnote to Table 16. 
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(b) EXPOSURE OF TYROSINES 




1 ,^ ! Ill t I ihe,- , , > , , »,ut it f 

three-dimensional structure. Shown are the numbus of these 
residues which are completely bwiwJ {Hu>, mostly buried f ffl B), 
partly buried (pB). mostly exposed (mC) aiid complete!;, 
exposed (Ex), as enumerated lis Table 16. 



may be reflected in an increased presence ofaromatics vs 
aliphatic residues, for example. The observation that 
some poly reactive antibodies have many charged 
residues in and around their CDRs {Gori-/.alc?.-Quintial 
<■■: at'.. idhft) is, intriguing 

Fc-tigmcj iutcm.iiom 

including low- and high-affinity Fc receptors, Clq and 
Protein A. For these, the location of their binding site:, 
on the Fc hiss been deduced by sequence correlations, 
chemical modifications and site-directed mutagenesis, 
and, in the case of Protein A, by direct crystallography 
analysis, 



Duncan et ai. (1988), by site-directed mutagenesis, 
have shown that Leu235 (Eu numbering) is a major 
determinant in the binding of murine Fc to the high- 
affinity receptor on monocytes. Unfortunately, the cor- 
responding residue is part of the stretch that is 
disordered in the crystal structure of human IgOl Fc 
and, therefore, cannot be located in theft structure. The 
recent crystal structure analysis of the intact murine 
igG2a antibody (Harris <n at , 1995), in which the full 
hinge is visible, sboutci help in delineating the receptor- 
binding site on TgG. 

It is known that CAq binds to the C M 2 domain and 
r i ts h>» been mad to localize the site 

of binding [reviewed by Burton (1985)]. Recently, by 
systematically altering residues that are expected to he 
on the surface,. Duncan and Winter (1988) have been 
able to propose the location of the minimal residues that 
sre probably involved in the binding of Clq; these are 
residues 318, 520 and 322 (Eu numbering). In human 
IgOl, these residues lie on the outside face of C-/2 
(Fig. 12} and their disposition will allow a direct contact 
with Clq. 

The crystallography analysis of the binding of Frag- 
ment B of Protein A to human JgGI Fc (Deisenhofsr, 
19SJ) demonstrated thai the Protein A binding site is at 
the junction of the CySaml Cy3 domains {Fig, S2), Both 
domains are involved in the contact and approximately 
1 200 A of accessible surface area on the Fc and the 
ligand are buried by the interaction. The contact is 
mainly hydrophobic with a few hydrogen bonds. 

STsueriWAJ. aspects of antjbodv 

APPLICATIONS 

Antibodies of predefined specificity have many poten- 
tial uses in industry and in medicine [sec, for example, 
Steinman (1*90). Seldom {199:}, Waidmarm (1991) and 
Co and Queen (1991)) and the advent of hybndoma 
technology (Koehler and Milstcin, 1975} has made poss- 
ible the generation of virtually limitless amounts of such 
antibodies Men loriia an being used for 
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i ! sample, ( 1 
el at. (1988), Seldom « al, (199!)]. 3 nei in therapy by 
targeting spe m> • . tie or ceil nd b i eering toxins 
or radioactivity to predetermined locations (sec, for 
example, Chnudary « a/, (3988), and Schlom (199!)). 

Furthermore, in view of the similarity in structure of 
antibodies belonging to the different classes and isotypes, 
the structure of a particumt antibody could be tnanipu- 
ta ' ' • new functions ox to endow it with a 
desired reactivity. For example, it may be possible, 
through the construction of chimeric !gE molecules of 
prc-selccicd specificity, to harness the cytotoxic potential 
of th« IgB-isot> J i ' e mediated by the ( <. itfinity 
receptor for IgE and effect the killing of tumor cells and 
parasites by inflammatory cells (Helm, 1989), 

Another important application is the use. of antibodies 
as enzymes St was proposed (Jer.cks, 1969) that catalytic 



mtih,.>. 



>. be 



od 1 



the 



antibodies have been produced (see, for example, Umer 
and Tramontane (1988), Scftufu (1988) and Benkovie 
(1992)j. This opens the possibility of generating enzymes 
for chemical reactions for which no natural catalysts 
exist. 

Monoclonal antibodies arc still more easily obtained 
from non human sources, usually rodent, and the use of 
those antibodies in human subjects will be hindered by 
the patients* immune system. Since the reduction of the 
innriunogcnicily in humans of xenogeneic antibodies win 
make those molecules more efficacious reagents in 
therapy and diagnosis, various psoeedures for "huntart- 
iaaag" rtorihurnan antibodies an: t r.g develop 1 

Stntaura! (.vmitkrathm in ike "humemtaikm" of anti- 
bodies 

Ideally, "humankation" should result in an antibody 
that is nonimrmmogenic, with complete retention of the 
antigen-binding properties of the original molecule. 
However, in order to retain all the antigen-binding 
properties of the original antibody, the structure of its 
combi»in«-$ite has to be faithfully repioduoed in the 
"humanized" version. This could be achieved by trans- 
planting the combining site of the nonbuman antibody 
onto a human framework, cither (a) by grafting die 
entire nonbuman v3 liable domains onto human con- 
stant it-,- W rn on n J i* -a, \U ; ,on and Oi, 

(whk j t 1 r d 1 tn 1 w , I f tcs but 

vanable domains); fb) by grafting only the nonhumsn 
CDRs onto human framework and constant regions 
(Jones cj «/., 1986; Verhocycn ei al, .1988); or (c) by 
transplanting the entire nonhuman variable in;,, 
>rcserve hg tin i 

them with a human-like surface through judicious re- 
placement of exposed residues (to reduce antigenicity) 
(Pad Ian, 1991) 

(i) "Humanization" by CD/i -grafting. "Humamza- 
tion" by transplanting only the CDRs (Jones es al, 1986; 
Verhoeyen et aL, 1988) should result in almost complete 
elimination of imnsunogemcity (except if allotypic or 



idiotypic differences exist). However, it is found that in 
order to recover the t * yf the 

original molecule, some framework residues from the 
original i . i < reot 

the combining site, also need to be preserved (see, tor 
example, Riecbmann el al. (1988), and Queen el al. 

In theory, aS the framework residues which could 
influence the structure of the combining site should be 
kepi. These include those which are in contact with the 
CDRs, since they provide the primary support for the 
combining site structure, and those which are involved 
in the Vt-Va contact, since they influence the relative 
disposition of the CDRs, It may be nccessaiy to keep 
also those framework residues winch arc buried in the 
domain interior, since they could influence the overall 
domain structure and, thereby, the structure of the 
combining site. Further, if the interaction with antigen 
involves "induced lit", the structural elements which 
permit tl formation svg.ci ! 
served in the "bumamsxT molecule. 

The important framework residues could be identified 
if the three-dimensional structure of the antibody is 
known, preferably in a complex with antigen. In the 
absence of three-dimensional structure, the identification 
of the important framework residues could be attempted 
by other means, for example, by modeling the combining 
site structure (e.g. Queen 3989; Carter era/., 1992), 
or by studying the effect of framework mutations on the 
ligami-binding properties of the molecule {e.g. Tempest 
et «?., 1991; Footeand Winter, 1992). Useful hints can 
be obtained from an examination of the known antibody 
structures. 

The framework residues, which probably play t; role 
in maintaining the combining sue sfiuciure are presented 
in Tables 18-21 for the murine antibodies of known 
structure. The framework residues in she v. domains. 



of -v 



:,dh t 



framework residues, which contact framework residues 
in the opposite domain end winch influence the quater- 
nary structure of the Fv, have already been identified 
(Table 8). The buried, inward -pointing, framework 
residues in the V, , i.e. those which are located in the 
domain interior, are listed in Table 20; those in (he V„ 
are listed in Table 2;. These results are collected in 
Table 22 for \\ and in Table 23 for V„, 

It is seer; that there are many framework residues thai 
contact the CDRs, that contact the opposite, domain and 
that are found hi the domain interioi. These framework 
residues, which could influence the structure of the 
combining site and thus the antigen-binding character- 
istics of an antibody, are different from antibody to 
antibody, although many are common to all. 

If one oft c trine amibodic s d in ihe tables w< > 
to be "humanized" by CDR-grafiing with the view to 
preserving their h'gand-binduig properties, it would 
probably be wise to retain al! of its framework residues 
that are listed in Tables 22 and 23. At first glance, it 
would appear that there would be too many nomhaman 
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' f burn | • i i . Kabul i 
one finds !hai there are human variable domain se- 
quences which have most of the framework residues that 
need to be preserved. Por example, the "bttmanixaiiotV 
af (he murine antibody, HyHEI.-S, would reQtjire keep- 
ing nine murine framework residues in the V L , usm g she 
human V sequence, BI (or RE1 and a few others}, as 
template. «ml S3 framework residues in the V„ using the 
human V„ sequence, AND (or 21/28'CL., and a few 
others). On the other hand, the "humanitcation" of the 
murine antibody, B 1 3 12, would require the retention of 
only three murine framework residues in the V t , using 
the human V x sequence, CUM (or NIM), as template, 
and only two framework residues in the V K , using the 
human V„ sequence, M72 (or M74 and a few others). It 
is possible that there exist other human sequences that 
are even more similar to the.se murine domains, that are 
known but were trot included in the compilation of 
K;t bat et al. (199!), 

The results presented in Tables 22 and 23 could be 
used in the design of a 'Tiumardzatiotf ' protocol for an 
antibody of unknown structure. IT a high degree of 
sequence similarity to an antibody of known three- 
dimensional structure exists, the results for the fatter 
could be used If n< 

the results winch are common to all the antibodies 
analysed could be used as a first guess and the protocol 
later termed, if needed, by site-directed mutagenesis 
studies. 

It is seen from Tables 22 and 23 that many of she 
important framework residues flank the CDRs. Among 
these (tanking positions arc most of the framework 
residues thai are involved m the contact with the oppo- 



any 



r i bos 



comaet with toe CDRs (T; 
of the framework resumes which have been observed to 
participate in the binding to antigen (Amil er al... J 98(3: 
Sheriff et til., 1987; Padlan « aL, 1989; Bentley et 
1990, Fisehroann m 1991; Tulip el al., 1992a j, arc in 
these hanking regions. These results suggest that, if 
during "humarazaikm", no I just the CDRs are trans- 
planted, hut also some of the residues immediately 
adjacent to the CDRs, there would be « better chance of 
retaining the ligand-binding properties of the original 
< ■ 1 ! hood wilt be ever go tet i t it fit o 

few amino acids in ibe N -termini of both chains arc 
transplanted also, since some of them are found to be in 
contact with CDRs. Sn fact, the N-termins are contigu- 
ous with the CDR surface and are in a position to be 
involved in broom binding (Figs 4). it should he noted 



t the 



i ibis i 



of the 
igard, r 



nnl ri l i thi cont«it i » ti the CDR 

(this finding may have important implications for the 
p - v. i it n ch mtii vherc either the end 
of die heavy chain component is linked to the beginning 
of the light chain (Huston et al., 1938), or vice versa (Bird 
el al. \ ■• rwt h % - e N -tet minus 

are excised). 



to reduce the antigenicity o! a rtoohurnan 1 while 
preserving us antigen-binding properties, by simply re- 
placing those exposed residues in its framework regions 
which tidier from ihose usually found in human ami- 
bodies (Pacllam 1991). This would "hun»atiwc - ' the sur- 
face of the xenogeneic antibody while retaining the 
interior and contacting residue- which influence its ami- 

Ucrj ' feet on lb 

interior of the domains, or on the interdotnain contacts. 

The solvent accessibility patterns of the Fv of Koi 
(PDB Entry: 2FB4) and of J539 (PDB Entry: 2FBJ) have 
been analysed (Padiari, 1991} and me repicduccd here. 
The fractional accessibility values for die framework 
residues in the Koi and 3539 V t . are compared in Table 
24 and those for the framework residues in the Koi and 
J539 V (t are presented in Table 25. Examination of these 
tables fcvsais a vety close similarity in the exposure 
patterns of the Fvs of Ko (a 1 aman \%\ U,a) and .1539 
liiiuit. IgU, lnd<- m .boost lit 1 wi n 
which the two patterns differ significantly, one or both 
an s' i jii inn. J un j i f id u e i t. < n ss 
being completely exposed if us -carbon is accessible to 
the solvent probe and completely buried otherwise (see 
footnote to Tabic 16), so tha! the slightest difference in 
Structure could result in a different exposure 'inn 
for this amino acid, 

The very close similarity of the exposure patterns for 
the variable domains of Koi and points to the close 
correspondence of die tertiary sirecuures of (be homolo- 
gous domains and of the dispositions of the individual 
residues, dins is particularly remarkable since fa) these 
antibodies are from different species. fl»> their light 
chains are of diflercni types (J 539 has a * light chain, 
while Koi has a d light chain), (c) half of their CDRs, 
specifically CDR1-L, CDR3L and CDR3-H, have very 
.! ft : nt lengths ami backbone conformations {'fable B, 
Fig. 5), and (d) JCol and J539 have only 44 identical 
residues out of the 79 corresponding positions in the V L 
framework arid 60 out of Lhe 87 in the V h . framework . 
An even closer similarity in overall structure and in J he 
exposure patterns can be expected for two molecules that 
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asily predicted than perhaps its involvement in she 
maintenance of Ibc combining site structure. 

The procedure thai was proposed t'Padlan 1991; for 
reducing the antigenicity of a xenogeneic variable do- 
main, while preserving Its ligaud-birrdrng properties, 
would replace only the exposed framework residues 
which differ from those of the host with the correspond- 
ing residues i.a the most similar host sequence Thus, the 
framework residues, which are at least partly exposed m 
the corresponding domains of Koi or J 5 39 (those with 
pB, mE, or Ex designations In Tables 24 and 25), would 
be replaced, while the framework residues, correspond- 
ing to those which in Ko! and JSa9 are completely or 
mostly buried (mil and Be designations in Tables 24 and 
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25), would be retained. With this procedure also, the 
number of framework residues in xenogeneic domains, 
that would be needed to be replaced by human residues, 
was round to be not very large in the cases examined 
(Padlan, 1991). 
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it'A/'c/; rr'fo/e m catalysis by antfaxtm 


Antibodies car 


t be elicited against essentially any 


structure (if pres. 


tented properly) so that it may be 


possible so generc 


iie catalytic antibodies of any desired • 


specificity How, 


ever, antibodies capable o!" high 


enzymatic rates rr 


lay not be so readily obtainable. 


Il is difficult i 


to compare the interaction between 


antibody and an 


tigers and that between enzyme and 


substrate. While « 


•e can analyse the interatomic contacts 


in an aotibody-ar 


itsgefi complex (in the crystal), acorn- 


parable study t 






implex . 1 i i 


existence. Howcvt 


■>r, a comparison couid be attempted 


using the more « 


ible crj/.yn ibito mpiexes, of 



which a natnte have ten elucidated by X-ray 
diffraction. 

The interactions of various enzymes with protein and 
peptide inhibitors are presented jji Table 26. By and 
targe, the interactions shown in Table 26 arc comparable 
to those presented in Tabic M between antibodies 
and their specific liganefs, except in one respect; more 
main chain atoms are found to be involved in the 
enzyme-inhibitor interactions than in the and- 
body-figand complexes. This is especially noticeable in 
tire case of bydiogen-bond formation {'.sec'also Janin and 
Cbothia, 1990). In the three anli-lysozyroe-lysostyme 
text "i je only 1 ' ' nic contacts 
involve main chain atoms, whereas in the en- 
seyme-protein inhibitor complexes the. main-chain in- 
volvement is almost three limes as great; in regard to 
the hydrogen bonds, in the ariti-lysoxymc-Syswrynv: 
complexes, only abom 7% involve main chain atoms, 
where; in the enzyme protein inhibit© complexes, 
almost one-half of the hydrogen bonds involve roam 
chain atoms. The number of interatomic contacts be- 
tween antibody and peptide bgand (Table 14} and 
between enzyme and peptide inhibitor (Table 2o) are 
roughly the same, but here again there are more 
, ■ d in >lvmg mam chain atoms in the 

enzyme •- peptide inhibitor than in antibody-peptide 
complexes. 

The. polypeptide backbone is more restricted in its 
movements than are side chains. Furthermore, hydrogen 
bonds involving main chain atoms are more "directed" 
and will be stronger (Jeffrey and Sacnger, 1991), Com- 
pared to antibody combining sites, the active sites of 
enzymes are more rigid, being constructed with main- 
chain and side-chain components that are held in place 
by strong interactions with surrounding structural el- 
ements. A ligand would therefore be interacting with a 
much less deformable site in an enzyme than in an 
antibody. 

The phn-t tyo oral urn. ite could have sc ous 
it >r . or tht rv malic cti i s oi att Stic arm 
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bodies. A fie* > ice as much 

"strain" (Jencks, i%9) cm the substrate as could a rigid 
Site and this may result in the diminution of enzymatic 
efficiency. The observation that most oi' the binding to 
antigen ins i t thai in omen 

thai antibodies with catalytic efficiencies comparable to 
those of enzymes wtfl be a rarity. 

CONCLUDING REMAKKS 

Antibodies are remarkable molecules and serve as 
paradigms for macrcmoiccuiar recognition. They have a 
binding sue that is designed to accommodate ligands of 
variable structure {the combining site) and sites that hind 
to bgands of constant structure {e.g. the CJq binding 
site). The available crystallographic data allow us to 
assess only the first of t hese sires (the combining sac), but 
nature's use of structure to achieve a particular function 
is already evident from this example. 

The basic clement used in the construction of 
an antibody molecule is the anti-parallel /S-pleated 
sheet, which is strong because the hydro gen- bonding 
pattern involves not just one stretch of polypeptide 
chain, as in an g-hctix, but several in a synergistic 
1 f u i s m in i i i v u'd 

be resistant to proteolytic digestion and the sheet might 
not unravel even if some of the loops connecting the 
strands were cleaved. Indeed, the connecting loops could 
be varied in size and sequence and still preserve the- basic- 
structure of the /J -sheet (as is seen in the variable 

If one were to construct a binding site that could 
better withstand the action of digestive enzymes, one is 
well served to use the surface of a # -sheet. Moreover, the 
chances of preserving thai site during evolution would be 
good, since such a site can better survive mutational 
events. In view of the stability of the sheet structure, 
about the only mutation that can significantly affect, ihe 
binding site structure is one thai, alters; 3 iigand-contaef- 
ing residue; replacements of ever; the residues immedi- 
ately adjacent to the hgand-eootacting residues, unless 
drastic, may have little effect on the topography of the 
exposed surface. 

On the other band, if one were to const; net a binding 
site that is dcformablc and that is easily varied (by 
mutation), one would choose to build it with loops. The 
structure of a loop is very sensitive to changes in length 
and sequence, Moreover, the residues in a loop arc 
more likely to be exposed to solvent, and, thereby, are 
more available tor tigaud binding, than residues in a 
//-sheet. A survey of ihe exposures of the residues in 
the J539 and Kot V, and V H (computed in the 
context of isolated domains} reveals that the ratio of 
exposed (mB and Ex designations as defined in the 
footnote to Table lb) to buried (mB and Bo designa- 
tion;;) residues is 0.7ft when in the ;i -sheets t doeoreoeaify, 
this should be close to 1.0 since in ;m infinite sheet 
every other residue would be buried) and 1,72 when 
in the CDRs. Since some COR residues, ace in fact 
in the sheets, the difference would have been even 
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fractional accessibility 
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Position Residue Exposure Residue Exposure 
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See toomoic lo Tabfc 16 for the tfefmuion ofsoSvem acccvi- 
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more pronounced ii' only ihc CDR residues which are in 
loop regions were used in the comparison. Thus the 
initiation of a loop residue could have ;s profound effect 
on Kgsnd binding, eiihe; directly, s'msx* by being more 
accessible the residue i> more Iskeiy to be invoived to the 

) I r !. ilv , u ! , , r 

sirocture or that' of the whole loop. 

it comes as no surprise, therefore, shat CJq binding., 
*-hich isu desiruhlc trail in a!! antibody types, (ptfihahly) 
involves residues in a sheet, while antigen binding in- 
volves loops. 

One wonders whether deformobihiv o fcuih into 
(some) CDR siruclure-;. Deformabtiity of the combining 
site structure may permit "induced fit", which could 
result in better binding to ligand. IMormabtlily 
may also result in the capacity to bind \o many 
diffcrcns tlgatKls (polyreactivlty). The ability to react 
to * greater variety of antigens using fewer antibodies, 
albeit w »th iow afonity. affords an organism a distinct 
survival advantage. The observation that the occurrence 
of glycines in CDR5-H is a mtturaS consequence of 
the preferred mode of transcription of D-gcnc 
m t nt St- i ! and < i ( i t tit t t relevance. 

a polypeptide segment and that CDRsTi !: , otter, 
observed to play a centra! role in ligand binding, a 
dfformable eombinirig site may be the norm, ft would 
be interesting to compare pre-immune and mature 
antibodies in this respect. Arc pre immune antibodies 
more deformabie than mature ones'' Is the rigidmcation 
of the combitiing site Structure a factor in affinity 
maturation? 

An increased rigidity of the combitiing sue can be 
achieved by reducing the inherent flexibility of the 
individual CDRs (by reducing the number of glycines. 
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Sec footnote u> Tabic 10 foir the dcfmfiioi, ol solvent aca-wi- 



iticreasing the number of prolines or asparagincs, by 
shortening the CDR, etc), by increasing the inlcractton 
of the CDRs or of the tndivid CDR i h - \ h 
swrfOBnding. structures (framework ami miser CDRs), by 
replacing critical CDR residues with amino isrucls having 
fewer <fe»rees of frcedorri, and/or by strengthening the 
Vl -V k interaclion. In this regard, it is interesting to note 



■ 1 i ositions 34 and i$ of th 

tight chair, (Aiwri <:/ i 99f).t, are also frecucmiy ibttnd 
to be involved in the V t -V K contact (Table 8a), 

Another contact that deserves mention is that between 
framework and CDRs within each domain. The obser- 
vation that a framework residue can influence the con- 
formation 0 i CDT< implies tha Oil; rcnet w 
frurrw tir'v s'nk 1 ia alt., tt srm.ii i b t„r ' 

e;im effect on the specificity of the combining site. This 
could explain in part why particular variable region 
families or subgroups are found to be associated with 
ceriam ant igcrt-binding specificities. Conversely, partieu- 
1st CDR-framcwork combtnaiions may not be favor- 
able aiid may no! be loaned isee also Kirkbam ei ot 

mi). 
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